The oxygen adsorption and dissociation on pristine silicene surface are studied by use of firstprinciples in this letter. The oxygen adsorption and dissociation on pristine silicene surface are studied by use of first-principles in this letter. It is found that the pristine silicene is not stable in air because the oxygen molecule can be easily adsorbed and dissociated into two O atoms without overcoming any energy barrier on pristine silicene surface. In addition, dissociated oxygen atoms are relatively difficult to migrate on or desorbed from pristine silicene surface, leading to poor mobility of oxygen atom. As a result, silicene would be changed into Si-O compounds in air. The work will be helpful to reveal the detail of the interaction between oxygen molecules and pristine silicene surface, especially helpful to understand the stability of silicene in air.
INTRODUCTION
Slicene, the silicon-based counterpart of graphene, has promoted from theoretical predictions to experimental observations in last few years [1] [2] [3] [4] [5] . Theoretically, density functional theory (DFT) calculations on silicene show that π and π * bonds linearly cross at the Fermi level, reflecting the semi-metallic or zero-gap semiconducting character of silicene [6] . In addition, most of the other known features of silicene resemble those of graphene. Therefore, due to its unique structure and electronic properties of graphene-like two-dimension (2D)
sheet, silicene has the potential to provide a new future for the electronics industry. Especially, it could be expected to offer an easily implemented alternative for the enhancement of the performance and scalability of the present silicon-based electronics. Interestingly, even before the synthesis of graphene, first-principles local-density approximation calculations predicted that a buckled honeycomb structure of Si could exit [7, 8] , in contrast with the planar honeycomb structure of graphene. Furthermore, on the basis of the first-principles calculations of structure optimization, phonon modes, and finite temperature molecular dynamics, it is reported that although the planar and high-buckled structure of Si is unstable, the low-buckled (LB) honeycomb structure can be stable with an equilibrium buckling of ∆=0.46Å [9] .
Experimentally, Nakano et al. has reported the synthesis of silicene via the chemical exfoliation of CaSi 2 [10] . Recently, the possible growth of the silicene sheet on Ag (111) has been reported [11] . For example, Patrick Vogt et al. report that they have provided compelling evidence for the synthesis of epitaxial silicene sheets on Ag (111) substrates though the combination of scanning tunneling microscopy and angular-resolved photoemission spectroscopy in conjunction with calculations based on density functional theory [12] . But, it is worthy to be mentioned that, from all of the experiments of silicene synthesis, the Ag substrates may play a catalyst role in the formation and stabilization of the silicene sheet. More importantly, silicene sheet, particularly, only can be successfully synthesized in ultrahigh vacuum conditions and the experimental conditions for producing this silicon structure are quite strict. Thus, there is an urgent question to silicene sheet for its future applications: If the substrate and ultrahigh vacuum conditions are got rid of, is the pristine silicene stable in air? Further, if it is not truer, the previous theoretical studies on silicene may be no longer comprehensive.
To investigate the stability of silicene in air and reveal the details of its possible changes, oxygen adsorption and dissociation on silicene is studied by use of first-principles calculations in this letter. It is found that pristine silicene is not stable in air because the oxygen molecule can be adsorbed easily on the silicene sheet surface without overcoming any energy barrier, resulting in dissociation of oxygen molecule on silicene surface. Furthermore, dissociated oxygen atoms are correspondingly difficult to migrate on the silicene surface or desorbed from the silicene, leading to poor mobility of oxygen atom, especially, the Si-O compounds.
METHOD
All calculations are performed by using the VASP (Vienna ab initio simulation package)
within the projector augmented-wave (PAW) approach [13] . The ground state of the electronic structure is described within density functional theory (DFT) using the generalized gradient approximation (GGA) with PW91 exchange correlation functional [14] . The energy cutoff for expansion of wave functions and potentials is 550 eV. The single layer silicene sheet is modeled with a 6×6×1 unit cell containing 72 Si atoms, which is separated with a 15Å vacuum layer in the z-axis direction. Monkhorst-Pack special k-point method [15] is used with a grid of 1×1×1. The entire systems are relaxed by conjugate gradient method until the force on each atom is less than 0.05 eV/Å. To optimize the O 2 molecule dissociation path, the climbing image nudged elastic band (CINEB) method [16] is used in the present study.
RESULTS AND DISCUSSIONS adsorption of single O atom on silicene
To study the adsorption and dissociation of O 2 molecule on pristine silicene surface, a
Low-buckled silicene sheet with the super cell 6×6×1 has been firstly optimized and a lattice constant of a = 23.15Å and =0.46Å are obtained (corresponding a = 3.86Å in unit cell ), in well agreement with the previous report [17] . After that, single O atom is put on the pristine silicene surface with four typical adsorption sites. They are the center site of the of the silicene sheet. We calculated the adsorption energy (E ad ), which is defined as:
where the E (Si 64 O) and E (Si 64 ) are the total energy of the silicene supercell model with and without adsorption of one O atom, respectively. E (O 2 ) is the total energy of O 2 molecular in vacuum. The calculated adsorption energy E ad and adsorption distance D (defined as the distance from the adsorbate to the substrate plane, namely, the difference between the z -axis coordinate of the adsorbate and the average of z -axis coordinate of all surface atoms)
for the adsorption of an O atom on different sites of silicene sheet are listed in Table 1 .
It is found that the strongest adsorption energy of the adsorbed O atom on silicene is Si atoms. Before the reaction happens, O atoms need to diffuse on the silicene surface to meet other foreign atoms. Therefore, the migration of O atom on the silicene surface is also necessary to be considered. In order to find the optimized migration pathways, the climbing nudged elastic band (CNEB) method is used. After calculations, it is found that there are two migration pathways for O atom to move. One is 2-3-2, another is 2-4-2, respectively, as shown in Fig. 2 (a) , where No. 2 and No. 4 represent different top site along two pathways.
Next, the energy profile along the optimized migration pathway for single O atom migrated on the silicene surface is obtained, as shown in Fig. 2 (b A vertical to silicene surface is highest, indicating the corresponding structure is the most stable structure where the O 2 molecule is dissociated into two O atoms on bridge site and top site in same Si 6 ring. Therefore, the case with initial distance 2.70Å parallel to the silicene plane is used to illustrate the detail of the oxygen adsorption and dissociation on silicene.
Compared with dissociation reaction energy 2.39 eV of graphene in air, when we put oxygen molecule above the silicene surface basin plane with initial distance 2.70Å, it is surprisingly found that the oxygen molecule can be easily adsorbed and dissociated into two O atoms on silicene surface without overcoming any energy barrier. That is to say, the silicene is not stable in air. To visually illustrate the detail of O 2 molecule adsorption and dissociation on silicene surface, the evolution from free O 2 molecule to dissociated O atom is shown in Fig. 3 . When the free oxygen molecule is put above the silicene surface with initial distance 2.7Å, the corresponding O-O bond length is 1.235Å, as shown in Fig. 3(a) .
As the optimized process continues, the distance between the oxygen molecule and silicene 
